Soil quality assessment is valuable for evaluating agroecosystem sustainability, soil degradation, and identifying sustainable land management practices. This study compared soil quality within culturally protected forest areas and adjacent grassland, grazing land, and farmland in Abo-Wonsho, Southern Ethiopia. A total of 40 soil samples (4 land uses × 5 replications × 2 soil depth layers: 0 to 10 cm and 10 to 20 cm) were collected for analysis. Soil textural fractions (i.e., sand, silt, and clay percentage) varied with land use and soil depths even though the textural class across all land use types was sandy loam. Bulk density, soil organic carbon (SOC), and available potassium (K) varied significantly: = 0.041, = 0.001, and < 0.001, respectively, with land use and soil depth, but other indicators showed no significant difference. We conclude soil quality can be protected and maintained by improving existing land use practices within both agricultural and modern forest management areas.
Introduction
Soil quality can be defined as "the capacity of a specific kind of soil to function within natural or managed ecosystem boundaries to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation" [1] . It is usually considered to have three main aspects reflecting physical, chemical, and biological soil properties and is important for assessment of land degradation and for identification of sustainable land use practices [2, 3] . The main consequences of inappropriate land use changes are land degradation and soil quality deterioration through loss of vegetative cover, top soil moisture, infiltration capacity, water storage, soil organic matter, fertility, resilience, natural regeneration capacity, and a lower water table, factors that are critical for soil health [4] . Recent reports on land use and land management effects on soil quality have been documented particularly in relation to soil degradation and restoration in north west Thailand [5] , visitors activities and management on the surface soil [6] and effect of long term cultivation [7] in Turkey, and the influence of agricultural management systems on soil biological quality in Spain [8] . Land use and management are influencing not only soil properties but also soil erosion processes. While unsuitable agricultural practices can cause soil erosion, on the contrary use of cover can reduce risk of erosion [9, 10] .
There is also a growing interest in understanding and integrating local knowledge into natural resource management studies [11] . Local Indigenous Knowledge (IK) is defined as tacit knowledge of a community, that is either generated locally or imported and transformed before being incorporated into the day-to-day life of a community [12] . Information refined and transferred across successive generations produces an understanding of natural resources and relevant ecological processes [13] .
In Ethiopia, IK has been shown to be of paramount importance for sustainable natural resource management
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Description of Study Site.
Abo-Wonsho is located in the outskirt of Bokasso town which is the capital of Wonsho district in Sidama Zone, Ethiopia. It is about 12 km to the east of Yirgalem town ( Figure 1 ) and 329 km south of Addis Ababa. Geographically, it is located at 06 ∘ 45 11 N and 38 ∘ 30 16 E with an altitude ranging from 1978 m (West, lower end) to 2149 m (East or upper end) above sea level.
Climate, Geology, and Soil.
The study area has a mean annual rainfall and temperature ranging from 832 mm to 1658 mm and 18-21 ∘ C, respectively. The pattern of rainfall distribution is bimodal. The short rainy season lasts from mid November to February whereas the long rainy season is during summer and it extends up to October [20] . According to [21] , the Wonsho district can be divided in to four local climatic zones, on the basis of altitudinal and annual rainfall variations, as "Wet Dega," "Moist Woyna Dega," "Wet Woyna Dega," and "Wet Kola". Accordingly, the study site is observed to be "Wet-Woyna Dega" (Wet mid-highland). Geologically, the Precambrian rock with ages of over 600 million years forms the foundation of basement complex rocks. The Wonsho district also contains a wide variety of sedimentary, volcanic, and intrusive igneous rocks which have been metamorphosed to varying degrees containing the metallic deposits [21] .
Farming System and Land
Use. In the study area, agriculture is characterized by subsistence mixed crop-livestock farming. Most of the area around the homestead is covered with perennial Enset (Ensete ventricosum), which is a staple food and income source. Coffee (mainly Coffee arabica) and Chat (Catha edulis), and fruit trees such as papaya (Carica papaya), banana (Musa species), avocado (Persea americana) and mango (Mangifera indica) are also among the widely cultivated crops. Vegetables such as potato, cabbages, onion, carrot, pumpkins, and green pepper are grown intercropped either with Enset or coffee. Annual crops such as maize, sorghum, barley, wheat, bean, pea, and haricot bean are most commonly cultivated. The description of each land use type is presented as follow.
Protected Forest Land. It is composed of various indigenous trees, shrubs, and bushes like Podocarpus falcatus (Zigba), Strychnos spinosa (Dokma), Croton macrostachyus (Bisana), Arundinaria alpine (Mountain bamboo), Pouteria adolfifriedericii (or Aningeria adolfi-friedericii, Keraro), Juniperus procera (Tid), Cordia africana (Wanza), Prunus Africana (Tikur-enchet), Euphorbia candelabrum (Kulkual) Millettia ferruginea (Birbira), and Vernonia amygdalina (Grawa). In the forest, farmers have the right to use the forest for their livestock grazing. However, the culture has not allowed replanting (reforestation) and the newly germinating seedlings have been destroyed by animals browsing and trampling.
Open Grassland. It is predominantly of very short grasses and situated within the protected area. This land use system is denuded of trees, shrubs, and bushes and open for grazing. It is also believed to be created due to the shrinkage of the forest cover as a result of deforestation due to human and animal interference.
Farmland. It is characterized by cultivation of crops. The main cropping system is mixed cropping system where a combination of trees, shrubs, and perennial crops such as coffee, Enset, and chat are grown together as an agroforestry system. Farmers usually use live fence of various tree species around and in their farmland for shade, firewood, and fodder and soil fertility improvement. Some of the tree species that farmers are usually used to grow for soil fertility improvement are Cordia africana (Wanza), Croton macrostachyus (Bisana), Millettia ferruginea (Birbira), and Vernonia amygdalina (Grawa).
Grazing Land. It is used as grazing for cattle and is considered as communal grazing land. It is adjacent to the protected forest area and owned by a group of farmers in which other farmers who do not belong to this group have no right to use. The main difference between the open grassland and grazing land is that open grassland is free for every one to use for grazing, while grazing land is restricted to a certain group of farmers. area, communal grazing land, and farmlands). Soil samples were taken from two depths: 0 to 10 cm and 10 to 20 cm. Sample plots had dimensions of 20 × 20 m (400 m 2 ) with an "X" design and samples taken from the four corners and center of each sample plot and pooled. Approximately one kilogram of composite sample from each soil depth was taken and put into plastic bags, air-dried at room temperature, crushed, homogenized, and passed through a 2 mm sieve before laboratory analysis. A total of 40 soil samples (four land use types × five replicates of sample plots × two soil depth classes: 0 to 10 and 10 to 20 cm) were collected for soil analysis. Undisturbed samples were taken with a core sampler that was 10 cm long and 7.2 cm in diameter for bulk density determination.
Soil Sampling and
Most soil analyses were undertaken at the National Soil Laboratory and Research Center, Addis Ababa, following standard procedures and methods as described below. Bulk density was determined by the core method [22] at Wondo Genet College of Forestry and Natural Resources' soil laboratory. Soil textural fractions were analyzed following the hydrometric method after removing organic matter using H 2 O 2 and thereafter, dispersing the soils with sodium hexameta-phosphate [23] . The USDA particle size classes, namely, sand (2.0-0.05 mm), silt (0.05-0.002 mm), and clay (<0.002 mm), were used to classify the textural classes. Soil organic carbon (SOC) was determined by the WalkleyBlack oxidation method [24] . Total nitrogen (TN) was determined using the Kjeldahl distillation method [25] , and available phosphorous (AP) was determined using Olsen's extraction method (UV/visible Spectrometer, Lambda EZ 201) [26] . Available potassium (Av. K) was determined by Sodium Acetate method [27] ; the exchangeable bases (Ca 2+ , Mg 2+ , K + and Na + ) were measured by atomic absorption spectrophotometry (NOV AA 400) after extraction with ammonium acetate at pH 7 [23] . The cation exchange capacity (CEC) was determined by extraction with ammonium acetate [28] ; soil pH was determined by potentiometric methods using 1 : 2.5 soil : water ratio. Percent base saturation (PBS) was calculated by dividing the sum of the charge equivalents of the base cations (Ca 2+ , Mg 2+ , K + , and Na + ) by the CEC of the soil and multiplying by 100.
Statistical Analysis.
Land use types and soil depth were used as independent variables (factors) and the soil parameters as dependent variables. The significance difference of soil quality indicators with land use types and soil depth was tested using analysis of variance (ANOVA) following the general linear model (GLM) procedure at ( ≤ 0.05). Tukey's honest significance difference (HSD) test was used for mean separation when the analysis of variance showed statistically significant differences ( < 0.05).
Results and Discussions
Soil Physical Properties
Soil Textural Fractions (gKg −1 ).
The results of soil physical properties are presented in Table 1 . The soil textural fractions of sand, silt, and clay significantly varied with land use types, while sand and clay varied with soil depth and the interaction effect was significant for sand fraction ( Table 2) . The overall sand, silt, and clay fractions were, respectively, higher in soil under the protected forest followed by the open grazing lands than in other land use types (Table 2 ). In the studied soil, clay fraction was less than 200 gkg −1 across all land use types and soil depths. With respect to land use types, however, the mean clay fraction was relatively higher (160 gkg −1 ) under farmland and the least in the protected forest land (78 gkg −1 , Table 1 ) and was also higher in the 10-20 cm soil layers across all land use types.
The higher clay fraction in soil under farmland than other land use types might be due to the fact that cultivation promotes further weathering processes as it shears and pulverizes the soil and changes the moisture and temperature regimes [29] . The higher clay fraction in subsurface layer than in the top surface soil may indicate possible clay translocation from the top layer to the layer below [30, 31] . The increase in clay fraction with increasing depth and the lowest overall mean proportion of clay fraction compared to the sand and silt fractions concurs with the results of other studies [18, 32] . Moreover, the textural class across all land use types is sandy loam, indicating the homogeneity of soil forming processes and similarity of parent materials [33] . However, over a very long period of time, pedogenesis processes such as erosion, deposition, eluviations, and weathering can change the soil texture [33, 34] .
Bulk Density (Kgm −3
). In the study area, the overall mean soil bulk density did not show any significant difference with respect to land use types ( = 0.565) and the interaction effects ( = 0.091, Table 2 ), Soil bulk density under different land use types generally ranges from 970 (in the farmland) to 1040 Kgm −3 (in the open grassland). Similar studies (e.g., [35] ) also reported that land use types and their interactions did not affect the soil bulk density. However, other studies [32, 36, 37] found that bulk density significantly varied with land use types due to differences in the land management and land use histories.
Difference in soil bulk density with soil depth was significant ( = 0.041, Table 2 ), higher in the lower (1040 Kgm −3 ) than in the top surface soil layer (960 Kgm −3 ), indicating the tendency of bulk density to increase with depth due to the effects of weight of the overlying soil and the corresponding decrease in soil organic matter content [34] . The relatively lower bulk density in the top surface than in the lower layer may reflect organic matter concentration.
Soil Chemical Properties
Soil Organic Carbon Content (SOC, gKg
−1 ). The overall soil organic carbon content showed significant variation with land use types ( = 0.001), soil depths ( < 0.001) and their interaction effect ( < 0.001, Table 4 ). The overall SOC content was higher under protected forest (29.7 gKg −1 ) and grazing land (26.0 gKg −1 ) than in the farmland (18.4 gKg −1 , Table 3 ). Across all land uses SOC content was significantly higher in the top surface than in the lower layer. In the top surface SOC content was significantly higher under protected forest land (41.8 gKg −1 ) followed by the grazing land than in other land use types (Table 3 ). In the lower soil layer, SOC content did not show any significant differences across all land use types ( > 0.05, Table 3 ). The lower SOC content under farmland than in grazing land and protected forest could be due to the reduced amount of organic material Overall means within rows and columns followed by different letters are significantly different ( < 0.05) with respect to land use and soil depths.
being returned to the soil system and high rate of oxidation of soil organic matter as a result of continuous cultivation for long period of time without fallowing, loss of organic matter by water erosion, and removal of green materials [38, 39] . Other studies (e.g. [37, 38] ) also reported that the SOC content of the mineral soil was significantly lower in the croplands compared to the grazing and native forest land. Cultivation promotes SOC loss due to exposure of microaggregate organic carbon to microbial decomposition by changing the moisture and temperature regimes [40] . The higher overall SOC content in the protected forest than in farmlands may also be attributed to the higher accumulation of organic matter due to high inputs from root biomass and above ground biomass [38, 40] . The lower content of SOC under open grassland and grazing land may be due to reduced organic matter input because of uncontrolled grazing and browsing [39] . However, according to [41] rating, soil organic carbon content was found to be very low in farmland (18.4 gKg −1 ), and low (26.0-29.7 gKg −1 ) in other land use types, indicating that soils under the protected forest and adjacent land use types are threatened by the continuous animal encroachment, human interference, and intensive agricultural production systems.
Total Nitrogen (TN, gKg −1 ) and Carbon-Nitrogen Ratio (C/N).
In the study area, the TN did not show any significant variation across all land uses types ( = 0.322), soil depth ( = 0.888), and the interaction effect ( = 0.533, Table 4 ). However, the distribution of total nitrogen content followed a similar pattern to organic carbon distribution and was relatively higher in the protected forest followed by the grazing land than in other land use types. Such result is expected since most soil nitrogen is bound in organic carbon. By contrast, [31] reported a significant difference in TN between the forest and cultivated land due to differences in soil organic matter content, intensities of erosion, and cultivation. Other studies (e.g., [37] ) reported that total nitrogen was not significantly varied with land uses. Though not statistically significant, the relatively higher TN in the protected forest and grazing lands than in the open grassland and farmland could be associated with the relatively higher organic carbon which in turn resulted from plant and root biomass as well as residues being returned to the soil system. According to [41] ratings, the TN content in soil of the study area was found to be medium under protected forest and grazing land (2.1 gKg −1 %), while being low under open grassland and farmland (1.4 gKg −1 ). The principal cause for lower contents of total nitrogen comes from biomass removal during crop harvest and insufficient replenishment through manure or fertilizers.
Carbon-nitrogen (C/N ratio) ratio is an index of nutrient mineralization and immobilization whereby low C/N ratio indicates higher rate of mineralization [34] . The C/N ratio of the studied soil did not show any significant variation with land use types ( = 0.231), soil depth ( = 0.201), and their interaction effect ( = 0.318; Tables 3 and 4) . Similarly, [31] reported that C/N ratio did not show a significant variation with land uses. The-overall C/N ratio was higher in the top surface soil layer than in the layer below. In the study area, the C/N ratio was found to be higher (Table 3) than the normal range 10 : 1 on average [41] expected in mineral soils. However, other studies (e.g., [30] ) reported higher C/N ratios indicating that nitrogen is immobilized at higher C/N values because of the formation of only slightly biodegradable complexes which are low in nitrogen.
Soil pH (H 2 O).
Soil pH did not show any significant variation across land use types or soil depths ( > 0.05, Table 4 ). The low soil pH in the lower soil layer than in the top surface soil layer (Table 3 ) might be due to the presence of relatively higher organic carbon in the top surface soil. According to [41] rating, the overall pH of the studied soil was found to be moderately acidic.
Available Phosphorus (Av. P, mgKg
−1 ). The overall Av. P did not show any significant difference with land use ( = 0.093), soil depth ( = 0.505), or their interaction ( = 0.507; Table 4 ). The mean Av. P in the top soil layer was significantly higher (5120 mgKg −1 ) in the farmland compared to other land use types ( < 0.05, Table 3 ), which may be related to the application of animal manure, compost, and household wastes like ashes for soil fertility improvement. Moreover, farmers have been applying Diammonium phosphate (DAP) fertilizer on their farmland. The lower Av. P content in the protected forest might be related to phosphorus fixation [18] . The overall available phosphorus was lower in the top than in the lower soil layer (Table 3) .
According to [41] rating, Av. P across all land use was low except in the top soil layer of farmland. The Av. P deficiency in soils of the study area may be due to the inherent low-P status of the parent material and erosion loss. Other studies [32, 35, 42] also reported that the Av. P in most soils of Ethiopia is low due to P-fixation, crop harvest, and erosion by water.
Available Potassium (Av. K
+ , cmol (+)/kg Soil). Available potassium significantly varied with land use types ( < 0.001, Table 4 ), higher in soil under the protected-forest (0.26) followed by the farmlands (0.24) than in other land use types (Table 3) while no variation was observed with respect to soil depths. Although not significant, the mean available potassium in the top 10 cm was higher under farmland (0.29) than in the grazing land (0.13) and open grassland (0.12). In the lower soil depth, mean Av. K + did not show any significant difference across all land use types but showed a declining trend with soil depth.
The observed highest concentration of Av. K + under the farmland and protected forest land was attributed to the application of household wastes like ash and a relative pumping of potassium from the subsoil by vegetation in the protected forest land [43] . According to [41] rating, Av. K + concentration in the farmland and protected forest was medium, while being low in the open grass and grazing lands. The lower Av. K
+ in the open grass land and grazing land could be probably due to soil degradation and losses by leaching as the open grassland and grazing land were denuded of vegetation cover.
Exchangeable Sodium (Na + ) and Potassium (K + , cmol (+)/kg Soil). The concentration of exchangeable Na
+ was the smallest component in the exchange complexes. Generally, the results indicated that exchangeable K + significantly varied with land use types ( = 0.004) but not with respect to soil depth ( = 0.138, Table 6 ) and the interaction effects ( = 0.419), higher in the protected forest land and open grassland (0.08) than in farmland and grazing land (0.04). This result was in line with [29] , that the concentration of Na + was lower in cropland than in the grazing and native forest. Since the concentration of exchangeable Na + did not exceed 1 cmol (+)/kg soil [41] , the soil in the study area would not be regarded as sodic soil. The pH also showed that the soil is acidic.
There was a significant variation in the overall concentration of exchangeable K + with land use types ( < 0.001) and soil depth ( = 0.040), higher under farmland (0.62) followed by the protected forest land (0.58) than in the grazing (0.32) and open grasslands (0.30, Table 5 ) and in the upper than in the lower soil depths. [36] also reported that the concentrations of exchangeable K + was higher in Overall means within rows and columns followed by different letters are significantly different ( < 0.05) with respect to land use types and soil depths. soil under the farmlands compared to the adjacent natural forest. The higher concentration of exchangeable K + in the top surface layer than in the lower soil layer (Table 5) suggests that vegetation pumps bases such as K + , Ca 2+ and Mg 2+ from the subsoil to the topsoil [29] . According to [41] ratings, the studied soil under different land use types has medium to high concentration of exchangeable K + (≥0.6 cmol/kg soil), and thus, response to K fertilizer is unlikely. Table 5 ). The significantly higher concentration of exchangeable Ca 2+ in the top than in the lower soil layer was probably due to the application of household wastes (ash) in the fields because ash is a good source of Ca 2+ , K + , P, and Mg 2+ [44] and pumping of bases from the subsoil by the vegetation and returning them into the topsoil [29] . A critical concentration of 0.2 cmol/kg soil is required for tropical soils [41] and this would indicate that exchangeable Ca 2+ is not a limiting in the soil of study area. Concentration of exchangeable Mg 2+ showed a significant variation with land use types ( = 0.001, Table 6 ) while no variation was observed with respect to soil depth ( = 0.119). Exchangeable Mg 2+ was lower under open grassland than other land use types (Table 5) . Generally, the concentration of exchangeable Mg 2+ was higher (sufficient) than the critical level of 0.5 cmol/kg soil as suggested by [41] ; a concentration less than this value would require an application of magnesium limestone accordingly.
Cation Exchange Capacity (CEC, cmol (+)/kg Soil) and Percent Base Saturation (PBS, %)
. CEC did not show any significant variation across all land use types ( = 0.093, Table 5 ), soil depth ( = 0.913), or the interaction effects ( = 0.430; Table 6 ). Though not statistically significant, CEC was relatively higher in the farmland (20.68) followed by protected forest (18.10) , than in other land use types (Table 5 ). According to [41] ratings, the concentration of CEC was found to be low both in the open grassland and grazing land, indicating the low level fertility status of the soil under the two land use types [33] . The soil fertility level both under farmland (20.68) and protected forest (18.10) was medium due to the application of animal manure, house hold wastes, and residues which are sources of Ca 2+ , K + , P, Mg 2+ [44] ; and due to the relatively higher content of organic matter, respectively.
Percent base saturation (PBS) is frequently used as an indication of the fertility status of soil [30] The PBS did not significantly vary with land use types ( = 0.964), soil depth ( = 0.521), and the interaction effects ( = 0.253, Table 6 ). However, the PBS was relatively higher under grazing land (34.43%) than other land use types and in the top than in the lower soil layer (Table 5 ).
Conclusions
Variations in soil quality indicators with respect to land use and soil depths were investigated in the Abo-Wonsho area. Soil textural fractions varied with land use, while silt, clay, and bulk density differed with soil depths. Among soil chemical quality indicators SOC, available K + and exchangeable bases varied significantly with land use. Human mismanagement land resources, excessive livestock grazing in the protected forest areas, and intensive agricultural production in adjacent farmland have caused deterioration in soil quality indicators. This documents that the cultural forest management system has not protected soil quality.
Though Abo-Wonsho was believed to be protected for the last 21 generations, there has been no improvement in the soil quality when compared to the adjacent land use. Therefore, in order to improve soil quality, reverse deterioration, and maintain long-term productivity of the agricultural land the following practices are suggested: (1) integrating existing cultural management practices with appropriate technologies such as reforestation, excluding the forest from human and livestock interference and controlling soil erosion in the area; (2) strengthening and expanding existing fertility management practices such as organic fertilizer (household wastes, manure, composts) to sustain agricultural production; (3) providing technical support to the concerned cultural leaders is crucial. Finally, Abo-Wonsho and its surrounding areas are lacking scientific studies on forest resources like species composition, structure, diversity, and management. Identifying and characterizing soil types and distribution are also among the critical research gaps that need to be filled for this area.
